the exception of SCF, which induced a significant increase in the mean ploidy. However, in all cultures, glycoprotein (GP)llla+ 2N and 4N cells were present in large but variable numbers (35% to 75%). The number of these lowploidy M K s directly correlated with M K proliferation. Therefore, we subsequently explored the absolute number of polyploid M K produced in culture. SCF, IL-6, or their combination, in association with IL-3, increased the number of polyploid M K up to fourfold. In addition, they improved the maturation of M K grown in the presence of IL-3, leading to the synthesis of demarcation membranes and platelet shedding. A similar effect of growth factors on the maturation of day 6 CD34+ cells was observed. We conclude that IL-6 and SCF have a broad range of activities on megakaryocytopoiesis, acting both on the early and late stages. However, the proliferative properties of these cytokines largely predominate in our cultures. Therefore, in the absence of a specific M K regulator, this study further extends the need for a combination of growth factors to maximize megakaryocytopoiesis. cytokines is MK-specific or MK-restricted. However, there is some evidence that a MK-specific growth factor is present in the plasma or the urine of patients with aplastic marrow.1,'1,12 Recently, it has been suggested that such a factor has been purified from the urine of aplastic patients and its gene ~l o n e d . '~ However, since most of these MK regulators may act at different stages of MK differentiation, it is difficult to delineate in vitro techniques that would enable the definition of their respective roles. Most studies have been performed by MK colony assays, which permit a precise investigation of growth factor effects at the progenitor level. Unfortunately, this technique is limiting for analysis ofterminal MK differentiation (endomitosis, MK volume, and maturation), since a large number of cells is required. To overcome this limitation, several investigators have developed liquid culture t e c h n i q u e~, '~, '~-'~ which can be easily adapted to flow cytometric and ultrastructural techniques, facilitating investigation of the different stages of MK development. However, these liquid cultures also have two clear limits: first, in the marrow, MK progenitors and precursors are a continuum of cell^'^'^ and it is difficult to distinguish the precise origin of the MK analyzed; second, liquid culture techniques are usually performed with unseparated bone marrow cells and at a high cell concentration. This may facilitate cellular interaction and endogenous production of c y t o k i n e~. '~,~~
In this report, we have attempted to overcome these difficulties by liquid culture of purified progenitors. We focused our study on CD34' cells directly isolated from the marrow or after 6 days of incubation in liquid culture (day 6 CD34+ cells). This latter population is greatly enriched in MK progenitors with low proliferative capacity, a significant proportion of them already expressing glycoprotein (GP)IIIa.'*
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The effects of various cytokines (IL-3, GM-CSF, SCF, IL-6, and LIF) alone or in combination were tested on these two populations to characterize their role on M K number, ploidy, volume, and cytoplasmic maturation.
MATERIALS AND METHODS

Bone Marrow Cells
Bone marrow was obtained during hip surgery from normal adult donors after obtaining informed consent. Samples were obtained in accordance with the institutional guidelines of the Committee on Human Investigation. Bone marrow low-density cells were separated by velocity centrifugation at 400g over a Ficoll-metrizoate gradient (d = 1.077 g/mL). These cells were used either for bone marrow culture, isolation of CD34+ cells by the immunomagnetic bead technique, or flow cytometry.
Antibodies
Two anti-CD34 monoclonal antibodies (MoAb) previously described19 were used: QBEND 10 and My10 (IgG1 isotypes), which were generous gifts from Drs M. Greaves (London, UK) and C. Civin (Baltimore, MD).
Two antiplatelet GPs, MoAbs Y2-5 I, (anti-GPIIIa, CD 61) and AN5 1 (anti-GPIba, CD42b), were generous gifts from Drs D. Mason (Oxford, UK) and A. McMichael (Oxford, UK), respectively.20,21
Fluorescein isothiocyanate (F1TC)-labeled Y2-5 1 and an irrelevant IgGl MoAb were purchased from Dako (Glostrup, Denmark).
The CD6 1 antibody stains MK, platelets with a bright intensity, and endothelial cells with a lower intensity. This antibody may also identify macrophages.2' However, in our gate of fluorescence intensity, macrophages were not detected in a significant number. Among hematopoietic cells, CD42b antibodies only stain MK and platelets.2',22 They may also bind to fibroblasts, especially after induction by tumor necrosis factor-alpha (TNF-a) and IL-1 . 23 In some control experiments, a polyclonal rabbit anti-von Willebrandt factor (anti-vWF) antibody was used (Dako). vWF is only present in the MK/platelet lineage and in endothelial This commercial antibody has been previously largely used by our group to characterize normal hematopoietic and leukemic cells. A reactivity with the MK lineage only was found both at light and electron microscopy (EM) levels.25
Isolation of Cells by the Immunomagnetic Bead Technique
C D 3 P cells. CD34+ cells were recovered from the marrow lowdensity cells or from liquid culture at day 6 by the immunomagnetic bead technique. The QBEND 10 MoAb at a dilution of 1/2,500 (3 pg/mL) was incubated at 4°C for 30 minutes followed by paramagnetic beads coupled to a goat antibody to mouse IgG (Dynabeads M-450, Dynal, Oslo, Norway), with a bead to target cell ratio of 5: I. CD34+ cells were isolated by magnetic separation and detached from the beads after chymopapain treatment (1 30 U/mL for 1 minute, repeated three times)?6 The purity of this cell fraction was further assessed by re-labeling them with My10 after an overnight culture in Iscove's modified Dulbecco's medium (IMDM; Jbio, Paris, France) and 10% fetal calf serum at 37°C. By immunofluorescence, purity was estimated to be more than 90% (up to 97%) for marrow CD34' cells and more than 75% for CD34' cells isolated at day 6 of culture.
MK Isolation
MK were isolated from cultures at day 7 using the AN51 antibody (CD42b) at a 1/100 dilution. The purity of this cell fraction was approximately 55%. Cells were cultured for 4 additional days in the presence of the different cytokines.
Cell Culture
Liquid cultures were used for two purposes. The first was to obtain a large number of MK precursors. Low-density cells were cultured at a concentration of 1 X lo6 cells/mL in 75-cm2 flasks in IMDM supplemented with 1% bovine serum albumin (Sigma Chemical, St Louis, MO) and 10% serum derived from platelet-poor plasma (PPP) from patients with aplastic marrows (thrombocytopenic patients after bone marrow transplantation) (aplastic serum [AS]). At day 6, CD34' cells were purified by the immunomagnetic bead technique."
The second goal was the study of CD34' cell differentiation. These cells were cultured in IMDM, I% bovine serum albumin, 10% normal serum derived from PPP, and various cytokines. Marrow CD34' (1 X IO4 to I .5 X lo5 cells) and day 6 CD34+ cells ( 5 X lo4) were grown in a 500-pL vol in 24-well tissue culture plates (Costar, Cambridge, MA). Cultures were studied 6 to 17 days later, usually at day 6 for day 6 CD34+ cells and at day 12 for marrow CD34' cells.
Semisolid assays. Purified CD34' cells were cultured by the plasma clot technique to obtain colonies derived from CFU-MK?' Cytokines and serum were the same as in liquid medium. Cultures were incubated in a fully humidified atmosphere with 5% C02 in air and studied after 7 or 12 days. Colonies were quantified by an indirect immunofluorescent labeling with the anti-GPIIIa MoAb (Y2-5 1). Dishes were entirely scanned under a fluorescence microscope at a lOOX or 400X magnification.
Several cytokines were used alone or in association. Recombinant human (rh)IL-3, rhIL-6, and rhLIF (generous gifts from Immunex, Seattle, WA) were all used at a final concentration of 100 U/mL. rhSCF, generously provided by Amgen (Thousand Oaks, CA), was used at a final concentration of 50 ng/ mL.
Liquidculture.
Human cytokines.
MK Ploidy
MK ploidy was measured by a double-staining technique. Cultured cells were counted, fixed with 2% paraformaldehyde (Serva, Heidelberg, Germany) for 20 minutes at 4"C, and then washed three times in phosphate-buffered saline solution without calcium and magnesium (PBS, Jbio). Cells were kept at 4°C until the analysis (up to 1 week). They were then identified with Y2-51 MoAb either directly fluoresceinated (in experiments dealing with a limited number ofcells, ie, 3,000 to 200,000) or by indirect immunofluorescence. For the latter procedure, cells were incubated at 4°C for 30 minutes in the fivefold diluted hybridoma supernatant, washed three times, incubated with FITC-goat antimouse Fab; for 30 minutes at 4"C, and then washed twice. In some control experiments, AN5 1 MoAb was used to identify MK.
Cells were subsequently exposed to 10 pmol/L Hoechst 3342 (Sigma Chemical Co, St Louis, MO) for 2 hours at 37"C2' They were analyzed by an ATC 3000 (Bruker, Wissembourg, France) equipped with two argon-ion lasers tuned to 488 and 360 nm, respectively, using linear and logarithmic amplifiers. A pair of 90-pm nozzles was used. Controls for setting the flow cytometer were single labeling with FITC and Hoecht, and an irrelevant IgGl followed by the FITC-conjugated secondary antibodies. A multiparameter gate was set using the wide-angle light scatter, and high green CD6 1 or CD42b fluorescence. This gate allows the elimination of macrophages responsive to autofluorescence, and therefore specifically identifies MK. The punty of the analyzed cells was further ascertained by sorting the positive cells. Droplets were deflected onto a slide and examined by fluorescence microscopy. Their purity exFor personal use only. on August 30, 2017 . by guest www.bloodjournal.org From ceeded 95%. Sorted cells were also cytocentrifuged and relabeled with the anti-vWF antibody. A great majority of them (>90%) were positive with a granular pattern of staining, which is typical of MK.
The cell flow rate was 1,500 cells/% The frequency of MK in different classes was usually evaluated on 5,000 MK, or on the entire sample when MK were less numerous (minimum, 1,500 MK). The ploidy distribution was determined by setting markers at the nadirs between peaks. MK volume was measured with an electrical impedance particle counter incorporated in the cell sorter.
Mean values (MK ploidy or number) were compared by Student's t-test on paired data.
Morphologic Studies
Cultured cells were studied by EM. Cells were washed twice in Hank's medium at 4"C, fixed with 1.25% glutaraldehyde in Gey's buffe?' for 10 minutes, washed, and incubated in diaminobenzidine medium." Cells were then postfixed with osmium tetroxide, dehydrated, and embedded in epon. Thin sections were examined with a Philips CM 10 electron microscope (Eindhoven, The Netherlands) after lead citrate staining.
In some experiments, cytocentrifuged cultured cells (1 minute at 700 rpm on a Cytospin 2 [Shandon, Inc, Pittsburgh, PA]) were examined after May-Griinwald staining.
RESULTS
Efects of Cytokines on the Number and Ploidy Distribution of MK Diflerentiating From Marrow CD34+ Cells
CD34+ marrow cells were purified by the immunomagnetic bead technique and their progenitor's content was evaluated by semisolid assays. The plating efficiency of these CD34+ marrow cells was approximating 15%, with colonyforming unit (CFU)-MK comprising 3%. Liquid cultures were performed with these cells at a concentration of 1.5 X lo5 or 1 X lo4 cells/mL, and studied at day 12."
When cultured at 1.5 X 10' CD34+ cells/mL, a small number of mature MK (one MK for 60 input CD34+ cells)
with a relative frequency of 1 YO was present at day 12 in the absence of any added growth factor. This number of MK was slightly but not significantly increased by the addition of IL-6, LIF, or SCF (data not shown). In contrast, IL-3 had a marked effect, increasing the number of MK by 24-fold (one MK for 2.5 input CD34' cells). A moderate but not significant potentiating proliferative activity of IL-6, SCF, or LIF with IL-3 was found, leading to an additional increase in the MK number of 26%, 20%, and 15%, respectively ( Fig IA) . Addition ofthe three growth factors together further increased the number of MK (63%, P = .05), but with a wide variation among experiments. The relative frequency of MK at the end of the culture period was in the range of 2% to 10%. However, the CD34+ cell population contains accessory cells such as stromal celk3' Indeed, in some experiments, colonies of stromal cells adherent to the plastic were present at day 12. IL-6 was detected in supernatants from all cultures performed with SCF plus IL-3, and in half of those performed with IL-3 (data not shown). Therefore, cell concentration was lowered to 1 X lo4 cells/mL to reduce cell interaction and production of cytokines. Under these conditions, rare cells (<3,000) comprising up to 8% of mature MK were still present at day 12 in cultures without growth factors or with IL-6, SCF, or LIF. They were detected with a similar frequency as when 1.5 X 1 O5 cells/mL (one MK for 66 input CD34+ cells) were used, but they were too scarce to analyze their ploidy by flow cytometry. IL-3 alone had a clear-cut proliferative effect, but the number of MK obtained per CD34 was 1.6-fold lower (one MK for 4.1 CD34+ cells) than at the previous CD34+ cell concentration. When IL-3 was combined with IL-6 or SCF, a 1.7-and 2.9-fold increase in MK number was observed ( P < .02). When the three cytokines were combined, the total number of MK was increased 4.4-fold (P < .005) (Fig 1B) . However, this effect was not specific to the MK lineage, since the total number of cells was significantly increased while the relative frequency of MK (2% to 6%) either remained constant (with IL-6 and SCF) or decreased (when the three cytokines were added together). In the experiments performed at a concentration of 1 X lo4 CD34+ cells/mL, we could not find a significant effect of LIF on the number of MK, either alone, combined with IL-3, or combined with IL-3 plus SCF.
Ploidy distributions were analyzed at day 12 of culture ( Fig 2) . We choose this time since the number of MK was maximal and it appeared that proliferation and endomitosis had reached a steady state. Indeed, no shift in the ploidy distribution was observed between day 12 and day 20 (results not shown).
As previously observed, a high frequency of 2N and 4N MK were always present (35% to 45% for PPP, 45% to 75% for IL-3).'0,L2 These 2N and 4N cells were MK, since after sorting more than 90% of them were stained by the antivWF antibody and exhibited demarcation membranes and a-granules at the ultrastructural level. These 2N and 4N cells were present with a similar frequency when the CD6 1 antibody was replaced by a CD42b antibody in the flow cytometric analysis, affording an additional evidence for their MK origin. IL-6 produced MK with slightly higher ploidy classes than normal plasma (mean ploidy value [MPV]: IL-6, 7.83 5 1.7; PPP, 7.5 f 0.7), but these differences were not statistically significant. In contrast, IL-3 produced MK with a lower MPV (4.86 & 1.1) than did normal plasma alone ( P < .02) or SCF alone (MPV, 6.9 f 1.8; P < .05). At 1.5 X lo5 cells/mL, addition of IL-6 or SCF to IL-3 slightly modified the MPV. This difference was only significant for SCF (MPV, 5.2 f 1 ; P = .03). In addition, 64N cells could not be detected in any of the eight experiments in culture with IL-3 alone. In contrast, a low frequency of this class (0.1% to 0.2%) was constantly observed when either IL-6 or SCF or LIF was added to IL-3. At a low CD34+ cell concentration, IL-6 or SCF did not significantly shift the ploidy distribution (MPV, 8 for IL-3, IL-3 + IL-6, and IL-3 + SCF, respectively).
Since this cell culture technique leads to the production of MK from progenitors, it seemed more accurate to calculate the absolute number of polyploid (ie, >4N) MK or of more than 8N MK generated in cultures than to simply study the ploidy distribution (Fig I) . Indeed, a large fraction of 2N and 4N cells may be still capable of proliferation or of endomitosis. The results obtained in the different culture conditions paralleled that of the total number of MK. IL-3 increased these two classes of MK (P < : 100 -
1-
0
. crease in MPV induced by IL-3 was largely balanced by the increase in the total MK number. The addition of IL-6 and SCF to IL-3 markedly increased these two MK classes in comparison to cultures with IL-3 either at low or high CD34' cell concentration (Fig I; P < .05) .
-
Qi'iect.7 efC.vtokines on the Number and Ploidy Distribution of M K Diferenliating From Day 6 CD34+ Cells
To characterize further the effects of these different cytokines during MK differentiation, late MK progenitors were purified. We have recently shown that on day 6 of liquid marrow cultures performed in the presence of aplastic plasma (AP), a great enrichment in late MK progenitors bearing the CD34 marker is observed." This population was purified by means of the immunomagnetic bead technique to discriminate late and early effects of cytokines. Figure 3 shows the absolute number (A) and the ploidy distribution (B) of MK in response to various cytokine combinations. In the absence of added growth factor, MK were obtained with a ratio of one MK for 50 day 6 CD34' cells. IL-3 alone resulted in a 10-fold increase in the number of MK in comparison to unstimulated cultures (P < .OOI). In all culture conditions except when IL-3 was present, a significant proportion of lyzing MK was observed (up to 35% of the intact MK) and was not enumerated. IL-6 or SCFalone, but not LIF, enhanced the number of MK, but to a lesser extent than IL-3 (2. I-and 4.3-fold, respectively: P < .05).
An additive more than a synergistic effect between these cytokines and IL-3 was observed on this cell population. As observed for marrow CD34' cells, the ploidy distribution of MK grown with 1L-3 was markedly shifted toward lower ploidy classes in comparison to normal serum alone (P < .01; Fig 3B) . In contrast, the ploidy of MK obtained with IL-6 or SCF was not different from the control. However, the absolute numbers of MK with a ploidy more than 4N and of those more than 8N were enhanced as a reflection of the increase in the total number of MK (Fig 3A) .
Therefore, cytokines had different effects on the production of MK from day 6 CD34' cells than from marrow CD34' cells. To characterize further these differences, cultures were performed in semisolid assays. Whereas a marked synergistic effect was found between SCF and IL-3 or between IL-6 and IL-3 on marrow CD34' cells leading to a threefold increase in the number of MK colonies (Fig 4A) , IL-3 alone induced an optimal stimulation of MK "colonies" (individual MK, clusters of two or more MK) from day 6 CD34+ cells ( Fig 4B) .
Since day 6 CD34' cells are still heterogenous and are capable of both proliferation and endomitosis,'* we studied the effects of these cytokines on the ploidy of a more mature cell population mainly committed to endomitosis. GPIb+ cells were purified at day 7 of culture and cultured for 4 additional days. Addition of IL-3 again induced a shift toward lower ploidy classes in comparison to normal plasma. In contrast, IL-6 or SCF induced a slight shift toward higher ploidy classes (data not shown).
@jk-/s of Cy~okine.y on M K Malirralion
Expression ofGPIlla and measurement ofcell volume in each ploidy class of MK differentiating from marrow CD34+, day 6 CD34+, or GPlb+ cells was studied by flow cytometry. No difference in the expression of GPllla was observed, irrespective of the cytokines used (data not . shown). In contrast, MK grown in the presence of IL-3 had a lower cell volume for the same ploidy than those grown in other culture conditions (Fig 5A-C) . Addition of IL-6 or SCF or both cytokines to IL-3 increased the MK volume to values identical to those of the control (Fig 5D) . This result suggests that IL-3 alone did not induce complete cytoplasmic maturation.
MK were subsequently analyzed by light microscopy and EM. Maturation of day 6 CD34+ cells was first evaluated. In the presence of IL-3. MK were of both large and small size: they contained either a-granules or rudiments of demarcation membranes, but not both organelles (Fig 6A) . MK grown in the presence of SCF were of large size and contained both a-granules and demarcation membranes, which were often associated with smooth endoplasmic reticulum to constitute membrane complexes. Contaminant cells were basophils and macrophages. The combination of IL-3 plus SCF and IL-6 induced the best quality of maturation, ie, regularly distributed a-granules and demarcation membranes (Fig 6B) . These cultures contained mainly eosinophils and basophils.
When CD34+ cells were cultured for 12 days at high cell concentration in the presence of IL-3 alone. the majority of MK were small with nonlobulated nuclei, dilated demarcation membranes, and few a-granules. A minority of large MK exhibited normal maturation. Addition of SCF or IL-6 to a lesser degree had a major effect on the quality of maturation: the nucleus was multilobulated and the abundant cytoplasm showed regularly distributed a-granules and demarcation membranes (Fig 7A) . A few platelet peroxidase-positive platelets in contact with macrophages were observed (Fig 7B) . These platelets were derived from cultured MK, since they contained large multivesicular bodies, which are absent from normal platelets. They did not arise from MK lysis, since their organelles were well preserved.
When CD34' cells were grown at a low cell density, the general quality of MK maturation diminished. The majorFor personal use only. on August 30, 2017 . by guest www.bloodjournal.org From Marrow cells were cultured in liquid medium in the presence of aplastic serum, and CD34+ cells were purified at day 6 of culture. These day 6 CD34+ cells were cultured for 6 additional days and studied by flow cytometry (n = 5). Results between PPP, SCF, IL-6, and LIF were not statistically different, whereas differences in the mean ploidy value between PPP and IL-3 were significant (P = .01).
A Effects of cytokines on the number of MK grown from day 6 CD34 positive cells
B Mean ploidy of MK grown from day 6 CD34 positive cells
ity of MK grown with IL-3 were small with nonlobulated nuclei and vacuoles located at the periphery of the cells. Larger MK and bilobulated nuclei exhibited the same poor quality of maturation. Addition of LIF to IL-3 did not further increase maturation. In contrast, a combination of IL-3 plus SCF or IL-3 plus IL-6 produced some large multilobulated MK with numerous a-granules distributed between demarcation membranes (data not shown). However, some MK still displayed incomplete maturation. The best degree of maturation was observed when the three growth factors were used together. In this circumstance. some naked MK nuclei, as well as large platelets, were found. Stromal cells, blast cells. and immature MK were observed in all culture conditions.
DISCUSSION
In this study, we investigated the in vitro effects of IL-3, IL-6, SCF, and LIF on human megakaryocytopoiesis. For
this purpose, we have used a human bone marrow liquid culture system that we have recently developed and in which the number and the ploidy distribution of MK can be quantitated by flow cytometry.12 Unseparated low-density marrow cells were replaced by purified CD34' cells, which contained most hematopoietic progenitors including burstforming unit (BFU)-MK, CFU-MK.'," and a more mature MK progenitor with low proliferative capacity." This latter progenitor was independently enriched from liquid marrow cell culture by means of a simple immunomagnetic bead technique, which allows comparison of the effects of cytokines on early and late MK progenitors. Hoechst dye was used instead of propidium iodide to stain DNA. This technique of labeling is easy and allows one to work with a small number of cells (4 X IO4).
By culturing CD34' marrow cells with IL-3, a significant number of MK (up to 6,500 MK for 10.000 input CD34' cells) was noted. However, marked differences were ob- Marrow cells were cultured in liquid medium and CD34+ cells were purified at day 6 of culture. These day 6 CD34+ cells were grown by the plasma clot assay for 6 days at 3,000 cells/ mL. Individual MK, and clusters of different numbers of MK, were counted after immunolabeling as above (n = 2 in duplicate).
served that depended on the cell concentration used to initiate the cultures. At a high CD34+ cell concentration (1.5 X IOs cells/mL), IL-3 by itself had a potent effect on MK number. Addition of IL-6, LIF, or SCF. which by themselves had no clear-cut proliferative effect, only moderately increased the number of MK. In contrast, at a low cell concentration, IL-3 had a weaker activity on proliferation. However, a marked synergistic effect between IL-3 and IL-6, and even more pronounced between IL-3 and SCF. was observed, increasing the absolute number of MK up to fourfold. At this cell concentration, we did not observe a reproducible effect of LIF. A similar synergistic effect of IL-3 with IL-6 or SCF was found on CFU-MK progenitors assayed in semisolid medium. The differences between cell concentrations may be related to the production of cytokines by CD34+ cells and their progeny. Indeed. the CD34' population not only contained hematopoietic progenitors, but also stromal cell precur~ors,~' as well as a large proportion of monocytic precursor^,'**^* cell populations capable of cytokine synthesis. In addition. none of the cytokines used are specific for the MK lineage. They induced the differentiation of CD34+ cells toward several hematopoietic lineages, producing numerous mature cells of the monocyte/macrophage. eosinophilic, and basophilic lineages at the end of the culture, which likely contribute to the release of cytokines into the medium. This represents a clear limitation of the use of purified marrow CD34' cells to study late stages of MK differentiation. Endogenous synthesis of cytokines, espe- cially IL-6, as well as the demonstration of a synergistic effect between IL-6 and IL-3 explains why antibodies against IL-6 apparently neutralize the MK colony-stimulating activity of IL-3 in semisolid m e d i~m~*~~ or reduce its proliferative activity in liquid culture.35 IL-3 was also the cytokine that had the primary effect on survival and proliferation ofday 6 CD34+ cells. However, in the absence of any added cytokine, MK could also be detected in significant numbers. This result suggests that normal serum depleted in platelet products may contain growth factor@) that enhance MK differentiation. Together, these results confirm that IL-3 acts on both early and late stages of megakaryocytopoiesi~.~*~ They extend the concept that early stages of megakaryocytopoiesis, as those of other hematopoietic lineages, are regulated by a combination of growth factors requiring on one hand CSF such as IL-3, and on the other hand synergistic factors such as IL-6 or SCF.36 In contrast, later stages of megakaryocytopoiesis appear to require only one factor (such as IL3) to induce proliferation. However, we cannot exclude that the synergistic factor is provided in an autocrine manner. In fact, cultured MK35 and leukemic cell lines with a megakaryocytic phenotype37. 38 are capable of I L 6 synthesis.
VOLUME
The effects of these cytokines on MK ploidy and maturation were subsequently studied. In contrast to several publications, we did not observe a clear-cut effect of IL-6 on the ploidy d i s t r i b~t i o n , 6 .~~.~~~' although these cultures contained a large fraction of 2N and 4N MK as previously observed with unseparated marrows'2 or with CD34' cells grown in semisolid medium." The significance of the 2N and 4N cells identified by the anti-GPIIIa MoAb remain unclear, since they included both mature hypoploid MK MK cultured from day 6 CD34+ cells for 9 days in the presence of IL-3, SCF, and IL-6. A portion of cytoplasm from large M K is enlarged at the same magnification used for (A). Note the presence of numerous a-granules (a-Gr) between the welldistributed demarcation membranes (DM). Several multivesicular bodies (ME) are located at the cell periphery. For personal use only. on August 30, 2017 . by guest www.bloodjournal.org From (microMK) and MK precursors. However, the frequency of these cells was more important in culture conditions that enhanced MK proliferation. Recently, it has been shown that in liquid culture of CD34' cells, primitive hematopoietic cells generate progeny without a decrease in the size of the progenitor ~0 0 1 .~~3~~ Since a steady state between proliferation and endomitosis is reached over a long period of culture, immature 2N and 4N GPIIIa+ cells are continuously fed from a compartment of early MK progenitors. Therefore, the absolute number of polyploid MK produced in culture must be a more accurate parameter of ploidization than the ploidy distribution itself. A combination of IL-3 with IL-6, and to a greater extent with SCF, increased the absolute number of polyploid MK in comparison to IL-3 alone or any other control culture used. These results demonstrate that these two cytokines not only act on early stages of megakaryocytopoiesis, but promote late stages of MK differentiation as well. This observation was further extended by studying MK maturation, as well as MK cell volume. As previously shown, in the presence of IL-3 alone, immature MK, as well as small and large mature MK, were present, but with incomplete cytoplasmic maturation." MK had either few demarcation membranes or a-granules, but not both organelles together. Cytoplasmic maturation did not correlate with the size of the MK. These maturation abnormalities were particularly evident in cultures of CD34' cells at low cell concentration. Addition of IL-6 or SCF, and to a greater extent SCF plus IL-6, induced more complete cytoplasmic maturation, which led to development of demarcation membranes and platelet shedding. Therefore, the effects of SCF or IL-6 appear to be more pronounced on cytoplasmic maturation than on the ploidy distribution, two maturation steps that may be independently regulated in vitro. Whether these effects are direct or indirect cannot be firmly established from our studies, since many contaminant cells are present at the end of the cultures. However, it has been shown that MK express IL-6 receptors3' and that IL-6 acts on individual MK in vitro. 6 The c-kit receptor mRNA is also synthesized by The c-kit receptor has been detected on mouse MK43 and we have detected the c-kit protein by immunofluorescence on human GPIb+ or GPIIIa' cells (data not shown). SCF increases thymidine incorporation of purified MK,38 and SCF or IL-6 increases the ploidy of GPIb+ cells (this study). In contrast, no effect of LIF was found on CD34+ cells at a low cell concentration, which suggests that a part of its action is indirect. In favor of this hypothesis, it has been shown that LIF may induce IL-6 syntheskU Since LIF receptors are present on murine MK,8 it remains to be determined whether they are also present on human MK.
In conclusion, it is generally accepted that megakaryocytopoiesis is regulated by two types of factors: the first types are MK-CSF and act at early stages, the others are promoters of maturation and act at late stages of maturation. This study further extends the concept that, in vitro and in V~V O ,~,~~ all of these cytokines have overlapping functions on platelet production, acting at both stages of differentiation. Interestingly, SCF, which was considered as a factor acting on early stages of hematopoiesis, also regulates late stages of megakaryocytopoiesis, including the development of demarcation membranes. This study also shows that a combination ofgrowth factors provides a potent but nonspecific stimulus for MK differentiation and in the future may be useful in increasing platelet production from transplanted CD34+ cells.
